Introduction
This year marks the 20th anniversary of Blobel and Dobberstein's signal hypothesis, which provided a conceptual basis for understanding how proteins are secreted across biological membranes [1, 2] . It was hypothesized that secreted proteins possess a unique sequence of codons located immediately to the right of the initiation codon, which encode the so-called 'signal sequence'. Such signal sequences were predicted to be found only in translation products that were transferred across membranes and to function as soon as the nascent chain emerged from the ribosome by triggering polypeptide attachment to the membrane. A nascent chain could then be discharged vectorially through the membrane, followed by the subsequent removal of the signal sequence to yield the mature 'secreted' protein product. Since the publication of the signal hypothesis an astonishing level of detail has emerged about the characteristics of signal sequences [3] , as well as the genetic and biochemical basis of protein translocation in eukaryotic and prokaryotic cells [4, 5] . The functional similarity of protein translocation mechanisms in different cellular systems is truly remarkable. Indeed, it is well known that eukaryotic secretory proteins can be expressed and efficiently exported by bacteria, and that prokaryotic proteins can likewise be secreted into the endoplasmic reticulum of eukaryotic cells. Thus proteins that are secreted across the endoplasmic reticulum, imported into mitochondria or chloroplasts or exported across the cytoplasmic membranes of bacteria share common features; they are generally synthesized as precursors with Nterminal signal sequences, and they appear to be translocated in a non-native (unfolded) conformation by vectorial transfer across the appropriate membrane.
Studies on the export of precursor proteins across the cytoplasmic membranes of bacteria have identified eight gene products that play a dedicated role in protein translocation. These include SecB, a cytoplasmic molecular chaperone that interacts with many precursor polypeptides to keep them in an unfolded, export-competent conformation suitable for translocation. SecA is a translocation ATPase that is reponsible for mediating the dissociation of precursors from cytoplasmic chaperones as well as facilitating precursor entry into the translocating channel of the cytoplasmic membrane, formed by SecE, SecG and SecY. Two further membrane proteins, SecD and SecF, which have large periplasmic loops, are thought to be involved in the late events of protein export. In particular, SecD has been proposed to function in the release of proteins from the translocation channel and to act as a chaperone to prevent unwanted, aberrant folding reactions (for a review, see [6] ). In addition, leader peptidase (LepB) is responsible for proteolytically removing the signal sequence from precursor proteins, with cleavage occurring on the periplasmic face of the cytoplasmic membrane. Another peptidase, LspA, removes signal sequences from a specialized subset of exported proteins that are subsequently acylated to form lipoproteins. T h e remarkable conservation of gene product involved in protein translocation is exemplified by the finding that the translocating channel proteins of bacteria exhibit sequence similarities to those involved in protein secretion across the endoplasmic reticulum of lower and higher eukaryotes [7] .
It is therefore perhaps all the more remarkable that Gram-negative bacteria have, in addition to a signal-sequence-dependent export pathway, a number of novel protein translocation systems. These include the ABC-transporter system for secretion of a-haemolysin from Escherichia coli, the Yop secretion system found in Yersinia and Shigella, and the widespread secretory system responsible for secretion of many toxins, adhesins and degradative enzymes [8] . The reason for this probably lies in the fact that the envelopes of Gram-negative bacteria are comprised of two membranes; an inner cytoplasmic membrane and an outer membrane [9] . Consequently, while most proteins are exported via the sec pathway, certain proteins are secreted to the external milieu and must therefore translocate through two biological membranes. This requirement, unique to Gram-negative bacteria, almost certainly explains the evolutionary necessity for the emergence of novel protein translocation systems.
In this overview we have focused on one of the novel protein translocation systems of Gramnegative bacteria responsible for the secretion of numerous virulence determinants and degradative enzymes (for reviews see [4, 8, 10] ). These include, for example, the secretion of cholera toxin by Vibrio cholerae, aerolysin by Aeromonas hydrophila, exotoxin A by Pseudomonas aeruginosa, cellulases and pectinolases by Emoinia spp. and pullulanase by Klebsiella oxytoca. Each of these proteins is initially synthesized as a precursor with a classical N-terminal signal sequence and is dependent upon the sec pathway for export across the cytoplasmic membrane. Their subsequent translocation across the outer membrane relies on a mechanism that is so fundamentally different from export across the ER or the bacterial cytoplasmic membrane that a new conceptual paradigm is required to explain how such translocation systems might function.
Evidence for the translocation of folded proteins across bacterial outer membranes
One of the main tenets of the signal hypothesis is that proteins undergo vectorial translocation during or after translation has been completed. For bacterial secreted proteins that are exported across the cytoplasmic membrane via a signal sequence and sec-dependent pathway, folding is likely to begin as soon as the polypeptide emerges from the translocation channel and is released into the periplasm. No periplasmic chaperone(s) have been found (as yet) that could function to maintain proteins in the periplasm in a hypothetical 'secretion-competent' (unfolded) conformation, analogous to the function of SecB in the cytoplasm. Rather, there is convincing evidence that secreted proteins en route through the periplasm to the external mileu fold up very rapidly into stable, folded conformations. Indeed, this is probably essential to prevent proteolysis by periplasmically located proteases.
The most compelling data supporting the proposition that secreted proteins fold prior to translocation has come from studies of the secretion of cholera toxin and related enterotoxins by V. cholerae. These toxins are composed of six non-covalently associated subunits, a single A subunit (28 kDa) and five identical B subunits (12 kdDa) [ll-141. The individual A and B subunits are synthesized as separate precursors that are exported across the cytoplasmic membrane into the periplasm. Once translocated, the subunits fold and assemble into a quarternary AB5 complex prior to its secretion through the outer membrane [lO,l5-21] ). The recent findings that the periplasm contains an enzyme that catalyses disulphide bond formation in exported proteins further support the view that the periplasm is a protein-folding compartment. T h e genes responsible for disulphide bond formation (e.g. dsbA) [also designated ppfA, tcpC and por] are necessary for the correct folding of secreted toxins and surface-associated adhesins, as well as of certain periplasmic enzymes. In the case of cholera toxin and related toxins, where a single intrachain disulphide bond can be found in each of the A and B subunits, disruption of dsbA results in a greater than 100-fold reduction in toxin formation. Moreover, the rapid degradation of toxin B subunits in the periplasm of dsbA mutants indicates the importance of attaining a stable folded structure to prevent proteolysis from occurring. Volume 
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In addition, the toxin subunits have been shown not only to fold but to undergo assembly into a quaternary complex prior to secretion. Two important observations supported this conclusion. Firstly, it was found that V. cholerae strains that had been engineered to express only the A subunit failed to secrete it into the medium, whereas a strain expressing only the B subunit secreted it as efficiently as a strain expressing holotoxin. This suggested the hypothesis that the A subunit must be associated with B subunits prior to the step at which the B subunits are translocated across the outer membrane. Secondly, by taking advantage of the remarkable SDS stability of the B subunit pentamer, it was possible to monitor the kinetics of formation of SDS-stable pentamers compared with the kinetics of toxin efflux from the periplasm [ 18, 191 . This provided unequivocal evidence that the toxin subunits rapidly assemble (t1/2< 1 min) before undergoing efflux from the periplasm (tliz approx. 5-13 min) [18, 19] into the external milieu.
It has subsequently been shown that pullulanase also folds in the periplasm, with the formation of several intramolecular disulphide bonds, prior to its secretion across the outer membrane [26] . Furthermore, recent evidence has emerged from studies of aerolysin secretion in V. cholerae that the protein dimerizes in the periplasm before it translocates through the outer membrane [27] . It is thus becoming generally accepted that secretion of proteins such as cholera toxin, aerolysin or pullulanase across bacterial outer membranes involves translocation of a folded, and even a stable, quaternary complex. Given that the outer membranes of Gramnegative bacteria permit the free diffusion of only small solutes (<0.6 kDa), it remains quite remarkable that proteins ranging from 60 to 110 kDa can be efficiently secreted from the periplasm to the external milieu.
Genetics of secretion of folded proteins across bacterial outer membranes
The mechanism by which folded proteins are secreted across bacterial outer membranes has been shown to be mediated by a complex secretory apparatus encoded by up to 15 different gene products (Figure 1) . All of the secretion systems are encoded by a cluster of genes organized in a similar way. The best studied example is the pul gene complex, encoding a secretion machinery in K oxytoca, which is responsible for secretion of pullanase (a lipoprotein involved in pullan degradation [28] ). The structural gene for PulA is located in an operon with another gene, pulB, which lies adjacent to a divergent operon of 13 other genes, pulC-0 (Figure 1) . A third transcript is produced from a gene, pulS, at the 3' end of PULA, and is transcribed in the opposite direction. The Pul system has been reconstituted in E. coli, and it has been shown that all the genes, except pulB, are required for pullanase secretion [28] . Similar systems have been reported in other Gram-negative bacteria, namely Out in Erwinia chrysanthemi and Erwinia carotovora, which is required for pectate lyase and cellulase secretion; Xcp in Pseudomonas aeruginosa, required for exotoxin A and lipase secretion; X p s in Xanthomonas campestris, required for cellulase and protease secretion; Exe in A. hydrophila, required for aerolysin, protease and amylase secretion; and Eps in V. cholerae, required for cholera toxin, protease and chitinase secretion. T h e Out system of Er. chysanthemi has also been reconstituted in E. coli [29] . A comparison of pul and out gene clusters shows that out has all the equivalent genes of the pul complex but lacks an 'N' gene.
Although genetic analyses have provided useful information, little is known about the function of each of the individual proteins in the secretory systems. PulO from K oxytoca, PilD/ XcpA from P. aeruginosa, and O u t 0 from Er. carotovora form the only class of proteins with defined functions. These have trpe IV prepilin peptidase (PPP) and N-methyltransferase activity and can cleave the characteristic short positively charged type IV prepilin leader peptide and can catalyse the methylation of the N-terminal phenylalanine found in the mature polypeptide of type IV pilins [30-331. T h e target proteins of these prepilin peptidases are the so-called pseudo prepilins (PulG, H, I, J and their respective homologues) in the secretion machinery, since they possess characteristic type IV prepilin leader peptides but lack overall homology with true type IV pilins. T h e mature forms of the pseudo prepilins are postulated to form a pseudo pilus structure spanning the periplasm, which is necessary for the translocation of secretory proteins across the outer membrane [ PulD is believed to be located in the outer membrane [40] although it does not fractionate completely as a normal outer membrane protein in sucrose-gradient-centrifugation analysisis. It has been postulated that PulD and its homologues (plus PulS in K oxytoca) are the most likely components of the secretory machinery to interact with secreted proteins, as they are translocated across the outer membrane.
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Mechanism of translocation of folded proteins across bacterial outer membranes
The exact mechanism by which folded proteins are translocated across bacterial outer membranes remains something of an enigma. However, such mechanisms must take account of the following facts: (i) proteins appear to attain a stable structure before translocation across the outer membrane; (ii) the secretion machinery seems to be pleiotropic, being shared with several different proteins; and (iii) the classical signal sequence has already been cleaved prior to translocation across the outer membrane and therefore an alternative 'signal' must be present that is able to distinguish between resident periplasmic proteins and those en route through the periplasm to the external milieu.
Two speculative models will be considered. Firstly, a model based upon the concept that the components of the secretory machinery assemble into a gated pore that selectively opens to allow proteins to translocate through it; and secondly, a model that assumes that proteins partition into the outer membrane bilayer and that this is facilitated by the components of the secretory machinery.
(i) The gated-pore model (Figure 2n) . This model assumes that components of the secretory machinery form a channel or pore through which protein molecules are translocated without interacting with the lipid phase of the outer membrane. Several features common to most of the proteins that are secreted across bacterial outer membranes suggest that they may prefer to translocate via hydrophilic (water-filled) pores. Most of the proteins appear to adopt folded structures prior to translocation, and more importantly, many of them have hydrophilic surfaces making them soluble in aqueous environments. Thus in the absence of some trigger to expose buried hydrophobic regions these proteins will not insert into the lipid phase. However, such pores must be able to exclude not only small solutes but also small resident periplasmic proteins, while at the same time permitting the secretion of bulky proteins such as cholera toxin, aerolysin or pullulanase. Although the Pul-like secretion machinery in different Gram-negative bacteria appears to be able to translocate several proteins, these homologous secretion systems nonetheless discriminate between different secreted proteins. This argues for some kind of specific recognition between a particular secreted protein and components of the secretory machinery. Such a mechanism would provide a convenient means of discriminating between resident periplasmic proteins and those passing through the periplasm en route for secretion through the outer membrane. Consequently, secreted proteins may possess some kind of common structural motif, analogous to the specific nuclear localization signal that targets eukaryotic proteins through the pores of nuclear envelopes [41] . Since no linear sequence motifs have been identified that could fulfil this role, it may be necessary to search for common three- In this model it is proposed that the precursor A and B subunits are exported across the cytoplasmic membrane via a sec-dependent pathway, and are cleaved to yield mature subunits that are released into the periplasm where they assemble into an AB5 holotoxin complex. Factors that are (or may be) involved in folding reactions, such as DsbA and peptidyl prolyl cis-trans isomerase, are not shown. (a) Secretion through the outer membrane via a gated pore, It is proposed that the secretory machinery (Eps) mediates translocation of the assembled holotoxin complex across the outer membrane by the toxin triggering the opening of a pore formed by one or more outer membrane protein components of the secretory machinery. It is expected that such a major reorganization of proteins in the outer membrane would be dependent either on ATP hydrolysis (via EpsE) or transduction of protons. This model presupposes that pore opening would not render the outer membrane permeable to non-specific protein release from the periplasm. (b) Secretion through the outer membrane by facilitated membrane partitioning. It is proposed that the Eps proteins mediate translocation of the assembled holotoxin complex across the outer membrane by a mechanism that involves toxin insertion into the lipid phase of the membrane. In this model the function of the secretory machinery is to trigger a confonnational change in the toxin (possibly induced by a local low pH environment) that promotes toxin insertion into the outer membrane. Release from the membrane into the external milieu would occur spontaneously as a result of the corresponding inverse conformational change. The most likely component of the secretory machinery to form an outer membrane pore to allow protein secretion would be the 'D protein'. PulD has been extensively investigated, but as yet only tentative evidence has been obtained that it has a pore-forming activity [4] . It is of interest to note that PulD-like proteins have been identified in a diverse array of systems involved in the transport of macromolecules. These include proteins required for assembly and secretion of a filamentous phage, for secretion of proteins, and for DNA transformation of Haemophilus influenzae [4,42-451. All of the functions carried out by these proteins could conceivably rely on transport through channels or pores.
If such pores are not permanently occupied with a secretory protein, their opening would presumably have to be regulated in order to maintain the limited permeability properties of the outer membrane. This regulation could operate by secretory proteins triggering the pores to open by direct interaction. This could require a source of energy, either proton motive force or ATP hydrolysis via the E-protein, to ensure that the pore opens. Thus, in this model, the pore would act as a gate, opening upon interaction with any secreted protein that possesses the postulated structural motif. In order to provide an understanding of such a mechanism it will be necessary to define the architecture and biochemical properties of the postulated pore, and the identity (if any) of a putative secretion motif.
(ii) The facilitated partitioning model (Figure 2b) . It is now accepted that protein destined to be incorporated into the outer membranes of Gram-negative bacteria, such as the trimeric porins, can spontaneously insert into the outer membrane when they interact with phospholipids and lipopolysaccharide [46] . A number of laboratories have produced evidence to suggest that porin proteins transiently enter the periplasm during their export, which indicates that certain proteins possess an inherent capacity to partition from the periplasm into the outer membrane. In the case of the porins, insertion is triggered by interaction with lipopolysaccharide, which results in the formation of SDS-stable trimers. Such trimers dissociate into monomers when heated, in a similar way to the B-subunit pentamers of cholera toxin and related enterotoxins [46] .
If proteins are translocated across the outer membrane by a mechanism that involves partitioning into the outer membrane bilayer, they must do so in a manner that permits insertion on one side of the membrane and release on the other. The secretory machinery might in some way act to trigger insertion by causing a conformational change that increases affinity for the membrane. In this context, we have shown that toxin B-subunit pentamers undergo pH-induced conformational changes in vitro at around pH 5.0 that make the protein more hydrophobic, without disrupting the pentameric structure of the molecule (L. W. Ruddock and T. R. Hirst, unpublished work). If such conformational changes are important during toxin secretion then it is conceivable that one of the functions of the secretory machinery is to generate a localized environment of low pH. Thus it could be postulated that EpsE may hydrolase ATP in order to translocate protons into the secretory machinery to achieve such a localized low pH.
The facilitated partitioning model for protein secretion through the outer membrane assumes that the protein interacts with the membrane bilayer and with protein components of the secretory machinery, during translocation. Entry and release would be triggered by requisite conformational changes that alter the relative hydrophobicity and affinity for the membrane. Experimental evidence that the toxin B-subunit pentamers undergo conformational changes during translocation through the outer membrane of K cholerae has recently been obtained.
While both periplasmically located and secreted B-subunit pentamers are extremely stable, and are resistant to the denaturing action of SDS, urea and guanidinium chloride as well as exogenously added proteases such as proteinase K or trypsin, it has been found that B-subunit pentamers undergoing translocation appear to be transiently susceptible to proteolysis (J. Hillary, L. W. Ruddock and T. R. Hirst, unpublished work).
Protease susceptibility is an established method for assessing protein conformation and thus provides the first indication that conformational changes may be inherent in the mechanism by which folded proteins are translocated across bacterial outer membranes.
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